The recent increase in the number and volume of ventilated cigarette brands has created a need for a simple, non-destructive means of measuring the degree of air dilution. Two techniques currently in use require the use of auxiliary equipment or specialized analyses. One of these is the sleeve method of Norman (1) which encloses the ventilation portion of the cigarette in a small chamber and measures the flow into this chamber while a puff or alternatively a constant flow is withdrawn from the cigarette. The degree of air dilution is thus estimated from the ratio of the volumetric flow rates. A second method is that described by Reynolds and Wheeler (2), which encloses the cigarette except for the burning coal in an atmosphere of argon. The amount of argon in the mainstream smoke provides a measure of the dilution. Since both of these techniques require enclosing the burning or unlit cigarette in a chamber and separating the diluting flow from the mainstream flow by means of seals, they can sometimes be difficult to use in routine measurements. A method which avoids these difficulties is to utilize the encapsulated and unencapsulated pressure drop of the unlit or lit cigarette to estimate the amount of air dilution. Since pressure drop and volumetric air flow are essentially directly proportional to each other in cigarette filters (3, 4), the difference between the encapsulated and unencapsulated pressure drop provides a measure of the degree of filter ventilation. This was recognized by Reif (5), who derived the appropriate equations for a ventilated filter. While it is known that pressure drop in a tobacco rod is only approximately proportional to flow, the non-linear effects are small enough so that pressure drops can also be used to estimate ventilation in this portion of the cigarette. Figure 1 illustrates the dilution processes occurring in a cigarette, and the various pressure drop measurements that can be used to estimate these. Each of these pressure drops can be conveniently measured using an accurate pressure drop machine, and a rubber sleeve encapsulator. For the measurements reported herein, a critical flow orifice pressure drop tester with an adjustable length rod encapsulator of Celanese design was used. The orifice was calibrated to a flow of 17.50 ± 0.15 mVs at 760 torr and
The recent increase in the number and volume of ventilated cigarette brands has created a need for a simple, non-destructive means of measuring the degree of air dilution. Two techniques currently in use require the use of auxiliary equipment or specialized analyses. One of these is the sleeve method of Norman (1) which encloses the ventilation portion of the cigarette in a small chamber and measures the flow into this chamber while a puff or alternatively a constant flow is withdrawn from the cigarette. The degree of air dilution is thus estimated from the ratio of the volumetric flow rates. A second method is that described by Reynolds and Wheeler (2) , which encloses the cigarette except for the burning coal in an atmosphere of argon. The amount of argon in the mainstream smoke provides a measure of the dilution. Since both of these techniques require enclosing the burning or unlit cigarette in a chamber and separating the diluting flow from the mainstream flow by means of seals, they can sometimes be difficult to use in routine measurements. A method which avoids these difficulties is to utilize the encapsulated and unencapsulated pressure drop of the unlit or lit cigarette to estimate the amount of air dilution. Since pressure drop and volumetric air flow are essentially directly proportional to each other in cigarette filters (3, 4) , the difference between the encapsulated and unencapsulated pressure drop provides a measure of the degree of filter ventilation. This was recognized by Reif (5) , who derived the appropriate equations for a ventilated filter. While it is known that pressure drop in a tobacco rod is only approximately proportional to flow, the non-linear effects are small enough so that pressure drops can also be used to estimate ventilation in this portion of the cigarette. Figure 1 illustrates the dilution processes occurring in a cigarette, and the various pressure drop measurements that can be used to estimate these. Each of these pressure drops can be conveniently measured using an accurate pressure drop machine, and a rubber sleeve encapsulator. For the measurements reported herein, a critical flow orifice pressure drop tester with an adjustable length rod encapsulator of Celanese design was used. The orifice was calibrated to a flow of 17 Figure 2 . By extension of the multiple row case in equation 2 to many rows of closely spaced holes extending the length of the filter, equations for porous tipping paper or porous cigarette paper can be derived. Equa- Those equipped with the M 3.0 tipping paper had twenty oblong holes of 0.2 mmt area located 15 mm from the end of the filter, while those with the 1.5 paper had twenty holes of about 0.12 mm 2 area located 12 mm from the mouth end. For some of Parker and Montgomery's samples, cigarette and filter pressure drops from the control nonperforated cigarettes were combined with the cigarette pressure drops for the perforated samples to calculate the dilution values for the unlit cigarettes as shown in Table 1 . As is evident, the agreement between Parker and Montgomery's (8) observed and our calculated dilutions is quite good. The importance of the placement of the dilution vents is apparent here. Even though the M 1.5 paper had approximately 60G/o the hole area of the M 3.0 paper, this did not reduce the dilution by as much as might be expected. The reason for this is that the holes on the M 1.5 paper were located closer to the mouth end of the cigarette, thereby placing more pressure drop upstream of the vents. Thus the pressure drop across the vents is increased, providing more flow through them than might be expected on the basis of hole size alone. This effect is illustrated in a calculated plot of percent dilution versus hole position as shown in Figure 3 for the 2.5Y/48 filter with M 1.5 paper. This figure also shows the calculated cigarette pressure drop as the vents are moved along the filter. The values in Figure 3 were obtained by equating the diluting flow estimated from equation 1 of Figure 2 with the orifice flow through the dilution holes estimated by Selke and Mathews' (9) equation with an exponent of one half. The resulting quadratic equation is solved for !:! p 0 , and this value is reintroduced into equation 1 to obtain the calculated dilutions. As can be seen, the dilution decreases and the pressure drop markedly increases as the ventilation site is moved away from the mouth end.
To ascertain the effect of these diluting flows on smoke composition, the deliveries of particulate matter, (nic-. otine-free dry smoke) condensate and carbon monoxide were determined for these cigarettes including the nonporous controls, and removal efficiencies for smoke and condensate were also measured by Parker and Montgomery (8) . The pertinent data are summarized in Table 2 .
As noted by them, it is readily apparent that the ventilated filters reduce the delivery of smoke, condensate and carbon monoxide by 350/o to 65°/o depending on the filter and component measured. Also, as can be predicted from filtration theory, introduction of diluting air into the filter generally slightly increases the removal efficiencies, particularly for dry condensate. This occurs because the smoke is drawn through the front part of the filter at a slower rate, i.e. there is a reduced volume passing through this part of the filter in the same period of time.
Since diffusion, the major filtration mechanism, is more effective at lower velocities, the efficiencies will increase, as was found by Overton (10) and Keith (11) . The effect is less marked for smoke removal efficiency as the slower flow rate also allows a great adsorption of vapor phase 
Distance from mouth end (mm) water in the tobacco butt preceding the filter (12), thereby reducing the adsorption component of the filter smoke removal efficiency. Using these efficiencies and the dilution percentages, it is possible to calculate the smoke, condensate and carbon monoxide deliveries that would be expected if only dilution and filtration were operative. Since different numbers of puffs were taken on the ventilated and non-ventilated cigarettes, these expected deliveries have to be adjusted to a common number of puffs by multiplication by puff count ratios. This comparison is shown for wet particulate matter in Table 3 . For this smoke component, the observed values are generally less than the calculated values, the average calculated to observed ratio being 112 o I o. This discrepancy is expected since this measure includes water and some water vapor. As has been indicated, water can be more effectively adsorbed by the tobacco column and in the filter in the ventilated cigarette because of their lower flow rates. This adsorption reduced the delivery below that which would be expected if only dilution and straight filtration were effective. Table 4 shows a comparison of observed and expected deliveries for nicotine-free dry particulate matter or condensate. Here it is evident that the agreement between the measured and calculated values is quite good, averaging 103 °/o. This provides an indication that most if not all of the difference between the vented and unvented cigarettes can be ascribed to the dilution process and its effects on filtration and burning rate. There does not seem to be any great differences in tobacco column adsorption of condensate components or a significant change in the mix of condensed smoke components generated by the slower burning tobacco in the vented cigarettes. It may be noted for condensate that the calculated values are on the average slightly higher than the observed values. This can occur because the amount of dilution increases once the cigarette is lighted. This increase comes from the increased pressure drop of the burning cone. This increased pressure drop in the tobacco column ahead of the ventilation holes causes more air to be drawn through the vents, thereby increasing the overall dilution. This effect was measured by making pressure drop measurements on a commercial ventilated cigarette during smoking by connecting the cigarette to a constant flow pressure drop machine for two seconds once a minute, thereby using the pressure drop machine as a smoking machine, as shown in Figure 4 . This cigarette had an unlit pressure drop of 114 mm of water, which increased to a fairly constant value of 123-125 mm for the first six puffs after lighting. In the last two puffs for this cigarette the pressur-e drop again increased up to 139 mm, probably because of an increase in the temperature of the smoke stream entering the filter. This pattern is similar to that found by Baker (7) . Using these pressure drops and those obtained on comparable cigarettes with the filter vents closed, the dilutions shown in Figure 5 were calculated. This calculation assumes that the pressure drop increase in the latter puffs is occurring in the filter, which appears to be reasonable. It is evident that, as expected, the dilution increases once the cigarette is lit. Because of the relatively constant pressure drop, it does not appreciably dlange during most of the smoking process. In the last puff or two the dilution again increases for this cigarette, somewhat offsetting the higher deliveries of smoke components in these puffs. As a further test of the validity of measurement of dilution by pressure drop, six commercial vented filter brands were examined. Table 6 lists measured and calculated filter dilutions for these cigarettes, and in addition the total dilution for both the filter and tobacco column is calculated from pressure drop readings. In Table 6 it is again apparent that there is reasonable agreement between the measured and calculated dilutions although the calculated values are generally slightly higher than the measured values. This discrepancy is thought to arise from the small internal pressure drop of the automatic dilution measuring apparatus used in this series of tests. This small pressure drop would serve to slightly reduce the diluting flow thereby giving lower dilution values. The brands measured covered a wide range of filter dilutions and had a variety of ventilation systems, whidl further supports the prop- osmon, that dilution can be effectively measured by simple, non-destructive pressure drop measurements. In the measurements reported so far, and in the derivation of the equations, the only assumptions have been that the pressure drop along a tobacco column is linearly proportional to length and flow rate and that pressure drops of segments are additive. No assumption has been made as to the nature of the flow through the. vents or porous paper. As has been pointed out by Selke and eo-workers (9, 17) , this can be a combination of capillary flow where flow rate is directly proportional to pressure drop, and orifice flow where flow rate is a function of the square root of pressure drop. If we assume that only capillary flow occurs in porous tipping and cigarette paper, it is possible to analytically derive pressure drop and dilution equations as was shown by Meyer-Abich (6). It is also theoretically possible to treat cases where orifice flow is the only flow regime present or where combinations of the two exist, but the solutions of the differential equations are very complex and difficult to handle except by numerical tedlniques. In the case of capillary or viscous flow only, combination of the differential equations describing flow through the porous wrapper and pressure drop along the column results in a second order differential equation describing pressure drop as a function of length. Solution of this results in the first two equations given in Figure 6 . The first equation is essentially that described by Fordyce, Hughes and Ivinson and others (3, 6, 17) , and the second gives the fractional dilution. The third equation is obtained from the first by using the first two terms of the series expansion of the hyperbolic tangent and substitution of terms containing the encapsulated pressure drop for the impedance coefficient. The last equation provides the bracketed term in the third equation in terms of measurable pressure drops and lengths. With these equations it is thus possible to measure the paper porosity of a finished cigarette and the amount of dilution occurring in the tobacco column. If a porous plug wrap is also used, additional terms can be added to the equations or they can be used as is with composite impedance and porosity coefficients. However it is generally simpler to consider the filter and the tobacco column separately in such cases with due consideration of the interactions between the components. For the tobacco column dilution alone .!lp 0 is used in place of dp 0 in all the equations. To measure the filter dilution component, dp 0 minus dpr replaced dpr in equation 1. In the third and fourth equations, dp 0 replaces dp 6 in the numerator, and dpr replaces dp 6 -dpr in the denominator.
To test the validity of these equations and the assumption that capillary flow is predominant, the appropriate pressure drop measurements were made on two commercial cigarettes, one with a normal porosity paper wrapper, and one equipped with a perforated high porosity wrapper. Both had non-porous tipping paper, and two different lengths of the normal porosity brand were measured. For both cigarettes the paper porosity was measured independently by measuring the pressure drop across a 6.45 cm 2 area at a flow of 200 cm3/min. Table 7 by equation three. Considering the small differences between the encapsulated and unencapsulated pressure drops, the agreement between the calculated and directly measured values seems adequate. For these two brands and for brands A-F, Table 8 compares tobacco column dilutions calculated by the previous generalized pressure drop equations with those obtained from the equations of Figure 6 . These calculations were performed using pressure drops obtained with encapsulated filters, i.e. with filter dilution excluded to heighten the comparison between the two models. If filter dilution had been included, column dilutions similar to those given in Table 6 would have been obtained. In Table 8 it is readily apparent that the dilutions predicted by the capillary flow model are less than those given by the pressure drop equations which do not specify the flow regime through the paper. The capillary flow dilutions are about 68-72'/o of the other values for brands A through G, and decrease to 60°/o for brand H which is wrapped in a perforated paper. This trend is in line with the concept tha~ part of the flow through cigarette paper is like that through an orifice, which would give more flow and hence more dilution at any given pressure drop. Thus the capillary flow model is not adequate to describe the dilution occurring in cigarettes, and hence dilutions calculated from. measured paper porosities via this route will be somewhat low. On the other hand, dilutions calculated directly from pressure drops appear to be close to the actual values. To summarize, it is found that:
1. Dilution levels can be adequately determined by combinations of encapsulated and unencapsulated pressure drop measurements.
2. Since pressure drop measurements are simple and nondestructive, they can be used to measure dilution levels in routine or semi-routine quality control.
3. The deliveries of major smoke components can be adequately predicted by considering dilution levels, changes in filtration efficiency, and changes in burning rate, and other factors such as diffusion.
4. When vented filters are employed, the degree of dilution increases above that measured on the unlit cigarette, but is essentially constant throughout the smoking process until the last puff or two when it increases further.
5. Vented filters can generally provide higher levels of dilution ·than porous and/or perforated papers, but the level of dilution is quite dependent not only on the hole area but on the location of the vents.
6. Although dilution is an effective means of reduction of smoke component deliveries, it is most effective when combined with filters of reasonable pressure drop and removal efficiency.
SUMMARY
Equations for calculating dilutions in vented cigarette filters and tobacco columns from pressure drop measurements are derived. These calculated dilutions are found to agree closely with those directly measured for a variety of commercial and experimental cigarettes wrapped with perforated and porous tipping and with different cigarette papers.
The effect of hole placement on dilution and cigarette pressure is estimated. The effects of filter dilution on particulate matter, condensate and carbon monoxide delivery are discussed. A method for measuring filter dilution during smoking by means of pressure drop measurements is outlined and results for a typical vented filter cigarette are shown and discussed. The use of pressure drop measurements for estimating paper porosity and amount of dilution in the tobacco column on finished cigarettes is outlined. The dilution obtained by this method was generally higher compared to the results found by a model based on a capillary flow regime, which suggests that flow through ordinary cigarette paper is a combination of capillary and orifice flow. The non-destructive nature and simplicity of pressure drop measurements make this method of measuring dilution useful in quality control of cigarette production. Substituting for K, and Kt as before and evaluating the sum of the series, we get:
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